The exon theory of genes proposes that the introns of protein-encoding nuclear genes are remnants of the DNA spacers between ancient minigenes. The discovery of an intron at a predicted position in the triose-phosphate isomerase (EC 5.3.1.1) gene of Cukx mosquitoes has been hailed as an evidential pillar of the theory. We have found that that intron is also present in Aedes mosquitoes, which are closely related to Culex, but not in the phylogenetically more distant Anopheks, nor in the fly CaUliphora vicina, nor in the moth Spodoptera littoralis. The presence of this intron in Culex and Aedes is parsimoniously explained as the result of an insertion in a recent common ancestor of these two species rather than as the remnant of an ancient intron. The absence of the intron in 19 species of very diverse organisms requires at least 10 independent evolutionary losses in order to be consistent with the exon theory.
The exon theory of genes, also known as the "introns-early" theory, proposes that the exons of protein-coding genes are remnants of ancient minigenes and the introns derive from the spacers between them (1-3). There are two ways of testing the exon theory: functional and evolutionary. Functional tests investigate whether introns divide genes into segments that code for functional subunits of protein structure. Evolutionary tests ascertain whether the pattern of intron distribution across taxa conforms to the phylogenetic relationships among the taxa. Functional tests that yield results consistent with the theory may not be definitive, since constraints may exist at the protein or genome levels that restrict, or make more likely, the insertion of introns at certain sites.
A bulwark of the exon theory is the triose-phosphate isomerase (EC 5.3.1.1) gene (Tpi), a gene of ancient origin. The intron distribution of Tpi has been argued to be nonrandom (4-6) and, moreover, had elicited the prediction that an additional intron would be found at a site that would split the long exon III (5) . The discovery of such an intron in the mosquito, Culex tarsalis (7), was, accordingly, hailed as strong support for the exon theory. We have investigated the presence of this intron in other dipterans and one lepidopteran and conclude that its taxonomic distribution is not consistent with the exon theory. §
MATERIALS AND METHODS
The four insects studied are, in increasing phylogenetic distance from Culex, the mosquitoes Aedes sp. and Anopheles sp., the fly Calliphora vicina, and the moth Spodoptera littoralis. The DNA of these species was isolated, amplified, and sequenced by described methods (8) . The PCR products were cloned into the PCRII vector according to the manufacturer's (Invitrogen) protocol. Two primers, 5'-CGTKGGNG-GNAACTGGAAGATGAAYGG-3' (sense) and 5'-CGCT-CYGAGTGBCCCAGGAYSACCCA-3' (antisense) (K = G, T; S = G, C; Y = C, T; B = G, C, T; N = G, A, C, T), were derived from the conserved protein fragments VGGNWK-MNG and WVILGHSER, respectively. The DNA sequences of other organisms were obtained from the GenBank data base maintained at IUBio archives at Indiana University.
The DNA sequences were aligned with the CLUSTAL V program (9) . A maximum parsimony consensus tree (100 bootstrap resamplings) was obtained by consecutive execution of the SEQBOOT, PROTPARS, and CONSENSE programs of the PHYLIP 3.5 phylogenetic inference package (10 (25, 26) . As noted earlier by Palmer and Logsdon (27) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Intron positions are numbered and denoted by shading over two residues, when the site falls between two codons, or over one residue, when the codon is split, in which case the number in parentheses refers to the base in the triplet just before the intron. Proximal intron sites separated by 10 or fewer nucleotides are spaced by commas. Sources for published sequences are as follows: Culex (7), Drosophila (12), human (GenBank accession no. X69723), rhesus monkey (13), chicken (4), Schistosoma (14) , rice (15) , maize (16) , Aspergillus (17) , Saccharomyces (18) , Schizosaccharomyces (19) , Plasmodium (20) , Leishmania (21) , Trypanosoma (22) , and Giardia (23) .
genes. The absence of introns in eubacteria, archaebacteria, and several protist phyla would be due to their complete loss through evolutionary time in these groups of organisms. Many introns would also have been lost in genes from other protists and multicellular organisms. An alternative hypothesis (the "insertional" or "introns-late" theory) proposes Fig. 2 is parsimoniously interpreted as the result of an evolutionary insertion at the position indicated by the arrow in Fig. 2 . If this intron were present in the ancestor of all species shown in the figure, its absence from 17 of the 19 species would require a minimum of 10 independent evolutionary deletions of the intron.
More generally, the pattern of presence/absence of introns in the Tpi gene (Fig. 1) The insertional theory accounts for introns as the result of a dynamic process of occasional insertions and deletions. A prediction made by this theory is that introns will be predominantly distributed in phylogenetic clusters, which allows for considerable elasticity and makes the theory all but untestable. Nevertheless, the number of independent evolutionary events required by this theory for Tpi is much smaller than the number required by the exon theory. In the case of intron 5, the insertional theory requires only one event (insertion in the Culex/Aedes ancestor) rather than at least 10 independent deletions. Other introns are shared by phylogenetically related organisms and can be explained by insertions in a common ancestor. Introns at sites 3, 7, 8, 10 , and 14 are present in plants and animals and may have been inserted before the divergence of these two kingdoms. Intron 8 is present in the mold Aspergillus as well, which is consistent with its insertion before the divergence of multicellular organisms (although its absence from the two yeast species is also consistent with an independent insertion in the mold lineage). Introns 2, 13, and 15 are specific to plants, but only two species are represented in Fig. 1 . Intron 12 may have been inserted early in the evolution of metazoans, since it is present in Drosophila as well as in the vertebrates. The mold Aspergillus has four introns in addition to the one at site 8, none of which is present in the two yeasts. Whether any or all of these represent early insertion in the fungi followed by loss in yeasts, or later insertion only in the mod lineage, is equally plausible on the basis of the data in Fig. 1 (31) . This hypothesis is consistent with the exon theory of genes, but it does not specifically support it, since it is also consistent with the insertional theory. Exon shuffling may be a method of creating new genes, whether or not introns derive from the spacers between the minigenes of primeval organisms. Support for exon shuffling has been derived from statistical analysis of exon sequences (32) and from the tendency of intron positions to correspond to the recombinant junctions in some chimeric sequences, even though these may not be ancient (31, (33) (34) (35) (4) (5) (6) .
